Environmental impacts of waste produced from processing of different uraniferous rock samples  by El Aassy, Ibrahim E. et al.
w.sciencedirect.com
J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 3 0 3e3 0 9HOSTED BY Available online at wwScienceDirect
Journal of Radiation Research and Applied
Sciences
journal homepage: http : / /www.elsevier .com/locate/ j r rasEnvironmental impacts of waste produced from
processing of different uraniferous rock samplesIbrahim E. El Aassy a, Doaa H. Shabaan b,*, Eman M. Ibrahim a
a Nuclear Materials Authority, Cairo, Egypt
b Physics Department, Faculty of Women for Art, Science and Education, Ain Shams University, Cairo, Egypta r t i c l e i n f o
Article history:
Received 6 October 2015
Received in revised form
27 December 2015
Accepted 27 January 2016
Available online 9 February 2016
Keywords:
Emanation coefficient
Radon exhalation rate
Laboratory wastes* Corresponding author. Department of Phys
E-mail address: Do_tahaa@yahoo.com (D
Peer review under responsibility of The E
http://dx.doi.org/10.1016/j.jrras.2016.01.005
1687-8507/Copyright© 2016, The Egyptian Soc
open access article under the CC BY-NC-ND la b s t r a c t
Radon exhalation rates from five studied laboratory waste samples resulted from five
different sedimentary rock types named sandy dolostone, siltstone etwo samples-, marly
claystone and black shale were measured using ‘‘Sealed Can technique”. These rates were
found to vary between 0.005 and 0.015 Bq m2 h1. A positive correlation was found be-
tween the radon exhalation rates and the radium activities. The emanation coefficients
were calculated for these laboratory waste samples which varied between 0.0004 and
0.0007 according to the physical and chemical characterize of the wastes. These results are
partially in accordance with autonite acid leached tailings on laboratory scale (USA). These
results led us to pay attention about the effect and impact of these wastes on the
environment.
Copyright © 2016, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The chemical processes used to dissolve uranium from its
ores as acid treatments, produce huge amounts of uranium
mill tailings (UMTs). These tailings contain more than 90% of
the 226Ra present in the original ores. These tailings have
much higher permeability and porosity than the ore from
which these tailings are derived (Ferry, Richon, Beneito,
Cabrera, & Sabroux, 2002).
The exhalation and release of radon gas are the products of
the radioactive decay chain of primordial uranium or thorium
into the environment, specifically the isotopes 238U, 235U and
232Th. Among the natural radon isotopes (222Rn, 219Rn, and
220Rn), 222Rn is given significant importance, because the half-
life of 219Rn (3.92 s, called actinon) and 220Rn (55.6 s, calledics, Faculty of Girls for A
.H. Shabaan).
gyptian Society of Radiat
iety of Radiation Sciences
icense (http://creativecomthoron) is much shorter than that of 222Rn (3.82 d). Most work
concentrates on 222Rn and its decay progeny since this is the
dominant source of exposure. In general, most uranium de-
posits contain low primary thorium (232Th) and hence thoron
(220Rn) is generally considered to be of minor radiological
importance. All references to radon and radium refer to 222Rn
and 226Ra.
Sakoda et al. (2011) made an extensive literature review of
radon emanation measurements, especially in the last three
decades. The authors (op.cit) made a heavy stress on the
factors affecting the emanation processes in five different
material types named: (1) mineral, (2) rock, (3) soil, (4) mill
tailing (mostly uranium mill tailing), and (5) fly ash. They
reached to the radon emanation fractions broadly vary even
for the same materials, except for a mineral and fly ash.rt, Science and Education, Ain-Shams University, Cairo, Egypt.
ion Sciences and Applications.
andApplications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
Fig. 1 e Scheme of radon emanation phenomenon. Emanation: (A), (B), (E) and (F). Not emanation: (C), (D) and (G). If radon can
not diffuse out from inner pore into outer, radon in point (F) should not be regarded as being emanated. Arrows following
terminal points of recoil represent diffusion process, which are not to scale (Sakoda et al., 2011).
Table 1 e Rock types chosen for leaching process (El
Aassy et al., 2012).
Serial no. Description
A-1 Sandy Dolostone: It is a mixture of
sandy dolomite and fissile shale
with pale yellow secondary
uranium mineralization.
A-2 Siltstone: Compact, dark gray to
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track detectors for the microanalyses of uranium and radon
exhalation rate measurements in laboratory wastes of
different uraniferous rock samples.
The main aim of this work is to study the effect of solid
wastes resulting from laboratory experiments on environ-
ment and to pay attention about the effect and impact of these
wastes on the environment.
1.1. Theoretical aspects
In mineral grains, 226Ra decays to 222Rn by emitting an
aeparticle. Before entering the pore spaces and being avail-
able for transport to the indoor environment, 222Rn has to
escape from the grain. Most of the radon produced remains
within the grain and only a small fraction of it escapes to the
pore spaces. This escaped fraction of radon to the pore spaces
is called emanation coefficient. According to the UNSCEAR,
2000 Report, the reported emanation coefficient ranges from
0.05 to 0.7 for different materials. Only a fraction of the atoms
produced by emanation will reach the surface of the soil: this
known as exhalation (Fig. 1). Diffusion and advection are
responsible for the transport of radon in any medium. The
transfer of 222Rn from one place to the other due to the con-
centration gradient is called diffusion. Themovement of 222Rn
due to the pressure gradient between the air in pore space and
ground surface is called advection (Rehman, 2005).
black, soft to medium hard.
A-3 Marly Claystone: Compact and
layered with gypsum flakes
between the layers.
A-4 Black Shale: Fissile with gypsum
flakes and carbonaceous organic
matter.
A-5 Siltstone: Compact, dark gray to
black, soft to medium hard.2. Experimental and analytical techniques
2.1. Sampling
Five sedimentary rock types named; sandy dolostone, silt-
stone etwo samples-, marly claystone and black shale (Table1) were prepared for acid (H2SO4) agitation leaching process
under the following factors; 25% H2SO4, on room temperature,
1:3 Solid/Liquid ratio and one hour stirring time (El Aassy et al.,
2012). The separation of leach liquor from the residual (waste)
carried out by filtration and drying the residual at 120 C. The
result five solid wastes are taken to be measured by high pu-
rity germanium detector and solid-state nuclear track
detector.2.2. Radiometric analysis
The waste samples were ground to e 60 mesh (0.250 mm) and
then transferred to 100 ml marinelli beakers and sealed for
four weeks before counting by high purity germanium (HPGe)
detector to measure 226Ra and other radionuclides by gamma
spectrometry.
Fig. 2 e Assembly for the measurement of radon
concentration.
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300  300 NaI(Tl) crystal efficiency, resolution of 1.90 keV and
peak/Compton ratio of 69.9:1 at the 1.33 MeV gamma transi-
tion of 60Co and it is coupled to conventional electronics
connected to a multichannel analyzer card (MCA) installed in
a PC computer. The detector was shielded from the back-
ground radiation using a 10 cm thick lead, which was inter-
nally lined with a 2 mm copper foil. The software program
MAESTRO-32 was used to accumulate and analyze the data.
Energy calibration of the detector was performed using stan-
dard point sources (137Cs and 60Co). The systemwas calibrated
for energy to display gamma photopeaks between 63 and
3000 keV. The efficiency calibration was performed by using
three well-known reference materials obtained from the In-
ternational Atomic Energy Agency for U, Th and K activity
measurements: RGU-1, RGTh-1 and RGK-1, respectively.
Uranium-238 activity was determined indirectly from the
gamma rays emitted by its daughter products (234Th and
234mPa) whose activities are determined from the 63.3 and
1001 keV photopeaks, respectively (Sutherland & de Jong,
1990). The specific activity of 226Ra was measured using
241.9, 295.2 keV and 351.9 keV from 214Pb.
The uranium-235 activity was determined directly by its
gamma ray peaks; 143.8, 163.4, 185.7, and 205.3 keV (Yu¨cel,
Cetiner, & Demirel, 1998; P€oll€anen et al., 2003; Rameb€ack
et al., 2010). The specific activity of 4 K was measured
directly by its own gamma-ray at 1460.8 keV. The specific ac-
tivity of 232Thwasmeasured using the 338.4 keV and 911.2 keV
from 228Ac and 583 keV and 2614.4 keV from 208Tl (El Aassy
et al., 2012).2.3. Measurements of the exhalation rate of radon
To assess radon exhalation rates, a closed-can technique
employing a solid-state nuclear track detector (SSNTD)
referred to as (CR-39) in the literature, TASTRAK type, (Track
Analysis System, Ltd., UK) was used. In this technique, the
samplewhich have a thickness about 2.2 cm to bemeasured is
placed in a sealed cylindrical container with a SSNTD
(1 cm 1 cm) detector in the bottom of the cover for container
at a distance 6.3 cm from the surface of the sample tomeasure
the radon concentration (Fig. 2).
After g-measurements (El Aassy et al., 2012), the waste
sampleswere transferred from the 100mlmarinelli beakers to
polyethylene bottles with dimensions 8.5 cm  3.8 cm pre-
pared with a-track detectors (CR-39), sealed well and stored
for 14 days (Fig. 2). The detectors after this time were removed
and etched chemically in a 6.25 N NaOH solution at 70 ± 1 C
for 6 h. The etched tracks on the detectors were counted using
an optical microscope at 400 magnification and the track
density was calculated in terms of tracks cm2.
The exhalation rate of radon is obtained from Equation (1):
Ex ¼ CRnVlA½Tþ 1=lðelT  1Þ (1)
where Ex ¼ radon exhalation rate (Bq m2 h1); C ¼ integrated
radon exposure as measured by CR-39 detector (Bq m3);
V ¼ effective volume of the can (m3); l ¼ decay constant for
radon (h1); A ¼ area of the can (m2) and T ¼ exposure time (h)(Singh, Sengupta, & Prasad, 1999); Saad, Abdallah, & Hussein,
2013).
2.4. Estimation of the effective radium content
The estimation of radium content would give an indication
whether they are suitable for using as construction materials,
the effective radium content is calculated using the following
Equation (2) (Somogyi, 1990):
CRaðBq=kgÞ ¼ rKTe
hðmÞAðm2Þ
MðKgÞ (2)
where r is the background corrected track density
(tracks.cm2), K is the calibration factor of the cup and its
value equal 0.18 tracks.cm2/(Bq/m3.d) obtained from (Hayam,
2005). M, A and h are the mass of sample, area of the cup and
the distance between the detector and the top of the sample,
respectively and Te is the effective exposure time and is
calculated using Equation find the attached file:
Te ¼
 
T0 þ

elT
0  1
l
!
(3)
where l is the decay constant of 222Rn and T’ is the exposure
time in days.
2.5. Estimation of dose parameters
The absorbed gammadose rates in air at 1m above the ground
surface for the uniform distribution of radionuclides (238U,
232Th and 4 K) were calculated by using the Equation (4)
(UNSCEAR, 2000):
D ¼ 0:462ARa þ 0:604ATh þ 0:0417AK

nGyh1

(4)
To estimate the annual effective dose rates, the conversion
coefficient from absorbed dose in air to effective dose,
0.7 Sv Gy1 and outdoor occupancy factor of 0.2 proposed by
Table 2 e Results of gamma ray spectrometry (Bq/kg) for different laboratory waste samples (After El Aassy et al., 2012
except 226Ra).
Sample no. 238U 235U 226Ra 232Th 4 K
WA-1 12486 ± 161 555 ± 6 19429 ± 24 22 ± 3 173 ± 11
WA-2 4026 ± 89 179 ± 2 5396 ± 12 46 ± 2 312 ± 7
WA-3 14174 ± 178 709 ± 5 30729 ± 28 12 ± 1 138 ± 12
WA-4 4698 ± 101 199 ± 3 5733 ± 14 38 ± 2 207 ± 10
WA-5 4607 ± 87 184 ± 3 7399 ± 15 47 ± 2 276 ± 9
Average 7998 ± 123 365 ± 4 13737 ± 19 33 ± 2 221 ± 10
Range 4026e14174 179e709 5396e30729 12e47 137e312
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mSv y1 was calculated by the following Equation (5):
Effective dose rate

mSv y1
 ¼ Dose ratenGyh1 8760h
 0:2 0:7SvGy1 106 (5)
The radium equivalent activity for the samples was
calculated by Equation (6) (UNSCEAR, 2000):
Raeq ¼ ARa þ 10=7ATh þ 10=130AK (6)
where ARa, ATh and AK are the specific activities of Ra, Th and
K, respectively, in Bq/kg. Raeq is related to the external g-dose
and internal dose due to radon and its daughters.
Beretka and Mathew (1985) defined two other indices that
represent external and internal radiation hazards. The
external hazard index is obtained from Raeq expression
through the supposition that its allowed maximum value
(equal to unity) corresponds to the upper limit of Raeq (370 Bq
kg1). The external hazard index (Hex) is given by the following
Equation (7):
Hex ¼ ARa=370þATh=259þAK=4810  1 (7)
This index value must be less than unity in order to keep
the radiation hazard to be insignificant (Mahur, Kumar,
Sonkawade, Sengupta, & Prasad, 2008).2.6. Calculation of annual effective dose
The annual effective dose D is related to the average radon
concentration CRn and is given by the following formula
Equation (8):
D ¼ CRn  n F 7000h
170h 3700Bqm3

mSvy1

(8)
where, CRn is the integrated radon concentration in Bq m
3 inTable 3e 222Rn concentration, effective 226Ra, radon exhalation
Sample no. Track density
(cm2 d1)
Radon activity
concentration (Bq m3)
WA-1 220408.16 4024
WA-2 87755.10 1602
WA-3 283673.47 5179
WA-4 55102.04 1006
WA-5 89795.92 1639
Average 147346.94 2690
Range 55102.04e283673.47 1006e5179Bq m3, n is the ICRP conversion factor, F is the equilibrium
factor, The values of n ¼ 3.88 mSvWLM1and F ¼ 0.4 (Saad
et al., 2013). were used to calculate the annual effective dose
D according to UNSCEAR report for the estimation of annual
effective dose by inhaled radon.
It is estimated that 50e55% of the average annual dose
from natural background radiation is contributed by 222Rn
alone (Rehman, 2005). The radiation sources occurring natu-
rally giving rise to a total radiation dose of 2.4 mSv y1, radon
gas is the largest contributor with a value of 1.3 mSv y1
(Magill & Galy, 2005).3. Results and discussion
In this work the laboratory wastes resulted from acid leaching
process of different rock samples were studied carefully from
the variations of radioactivity and the radon emanation,
exhalation and its effect in the ecosystem. Sakoda et al., (2010)
pointed to the differences between the radon emanation co-
efficient of soil minerals and rock minerals which led to sug-
gestion that radon emanation is dependent on the degree of
weathering.
The studied waste samples show variations in 238U activity
concentrations (Table 2) ranging between 4026 and 14173 Bq
kg1 and the 226Ra between 5396 and 30729 Bq kg1. The higher
activities of 226Ra than 238U reflect the different behavior of
both radionuclides during the leaching process (El Aassy et al.,
2012).
Values of radon activity concentration, effective radium
content and radon exhalation rates from the waste samples
are given in Table 3. Radon activity concentrations are found
to vary between 1006 and 5179 Bq m3 whereas the effective
radium content ranges between 2.83 and 15.1 Bq kg1. Therate and emanation coefficient for different types of wastes.
Effective radium
(Bq kg1)
Radon exhalation
rate (Bq m2 h1)
Emanation
coefficient
10.9 0.012 0.0005
4.04 0.004 0.0007
15.1 0.015 0.0004
2.83 0.003 0.0005
4.84 0.005 0.0006
7.542 0.008 0.00054
2.83e15.1 0.005e0.015 0.0004e0.0007
Table 4 e Emanation coefficient of the studied laboratory waste samples in comparison with other worldwide (Sakoda
et al., 2011).
Studied wastes 226Ra
(Bq/kg)
Emanation
coefficient
Worldwide 226Ra (Bq/kg) Emanation
coefficient
WA-1 (Sandy dolostone) 19429 0.0005 USA (Carbonate tailings) 19,000 0.04
WA-2 (Siltstone) 5396 0.0007 USA (Acid-leached uranium mill tailings) 4100 0.04
WA-3 (Marly claystone) 30729 0.0004 USA (Autunite; acid-leached tailings on laboratory scale) 184,000 0.02e0.05
WA-4 (Black shale) 5733 0.0005 USA (Carnotite; acid-leached tailings on laboratory scale) 9950 0.04e0.07
WA-5 (Siltstone) 7399 0.0006 Canada (Uraninite; acid leached tailing on laboratory scale) 319,500 0.05e0.07
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m2 h1 (Table 3).
The emanation coefficient which represents the ratio be-
tween the effective radium content (calculated from the 222Rn
concentration) and the 226Ra activity concentration measured
by gamma spectrometry was calculated. It is varying between
0.0004 and 0.0007 (Table 3). These results indicate that the
emanation coefficient is partially independent on the 226Ra
activity, while it is dependent on the lithologic type of the
studied samples. The highest 226Ra activity (15.1 Bq kg1) is
expressed on the lowest emanation coefficient (0.0004). The
same behavior is noticed in some worldwide results (Table 4)
as in the results of autonite acid leaching tailings on labora-
tory scale in which the 226Ra measure 184000 Bq kg1 and the
equivalent emanation coefficient is (0.02e0.05) which is the
least between others (Sakoda, Ishimori, & Yamaoka, 2011).
These results are coincides with what mentioned by (Mudd,
2008) in which the emanation coefficient depends on the
rock mineralogy and structure, the distribution of parent ra-
dionuclides (238U and 226Ra), temperature and moisture.
The relation 226Ra activity (Bq kg1) and radon exhalation
rate (Bq m2 h1) is very strong (R2 ¼ 0.96) as shown in Fig. 3.
This relation indicates the intimate dependent of radon
exhalation on 226Ra activity concentrations.
As the fractions of radon atoms produced by emanation
will reach the surface of the soil is known as exhalation
(Rehman, 2005), the relation between exhalation rate (BqFig. 3 e Radon exhalation rate vs radm2 h1) and emanation coefficient in the studied samples is
weakly reversible (Fig. 4).
To assess the radiological hazard of natural radioactivity in
the samples, absorbed gamma dose rates in air, radium
equivalent activity, representative level index and external
hazard index associated with the radionuclides were calcu-
lated (Table 5) and compared with internationally recom-
mended values. The radium equivalent activity (Raeq) and
external hazard index (Hex) values are high in all waste
samples.
From Table 5 the absorbed dose rates vary between 2533.86
and 14210 nGy h1 with an average value 6376 nGy h1. These
values mean that all samples in different phases are higher
than that of the world average value 57 nGy h1 (Tzortzis,
Tsertos, Christofides, & Christodoulides, 2003; Abbady, Uosif,
& El-Taher, 2005). The annual external effective dose rates
vary between 3 and 17 mSv y1, with an average value of
8 mSv y1. These values are higher than 0.48 mSv y1 [rec-
ommended by UNSCEAR (2000) as the worldwide average of
the annual effective dose]. This means that these samples are
not safety for human beings from the environmental radiation
point of view.
Radium equivalent activity (Raeq) ranges between 5486 and
30757 Bq kg1 with an average value of 13801 Bq kg1. These
values mean that all samples are higher than the recom-
mended maximum value of 370 Bq kg1 (Narayana,
Rajashekara, & Siddappa, 2007).ium activity in waste samples.
Fig. 4 e Relation between exhalation rates and emanation coefficients of the studied laboratory waste samples.
Table 5 e Results of hazard parameters based on a- and g- measurements.
Sample no. Annual effective
alpha dose (mSv/y)
Absorbed dose
rate (nGy/h)
Annual effective gamma
dose (mSv/y)
Radium equivalent
activity (Raeq) (Bq kg1)
External hazard
index (Hex)
WA-1 70 8997 11 19474 52.63
WA-2 27 2534 3 5486 14.83
WA-3 89 14210 17 30757 83.13
WA-4 17 2680 3 5803 15.68
WA-5 28 3458 4 7488 20.24
Average 46 6376 8 13801 37.30
Range 17e89 2534e14210 3e17 5486e30757 14.83e83.13
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between 14.83 and 83.13 with an average value of 37.30 which
are higher than unity for all samples. These results point to
the highly dangerous effects of thesewastes for human health
and the whole environment.
The well noticed thing is that the annual effective doses
calculated from a-measurements are much higher than that
measured from gamma (Table 5 and Fig. 5). For example theFig. 5 e Correlation between annual effective doses
calculated from alpha and gamma.annual effective dose from sample (WA-1) is 70 mSv
y1calculated from a-measurements, while it is 11 mSv
y1from gamma measurements. This led to pay attention to
the environmental effects of these wastes and to search for
solutions for these dangerous materials especially from the
action of 226Ra.4. Summary and conclusions
By the aim of finding available data about the solid leaching
wastes especially the emanation coefficient of radon and its
hazards, this work was carried out. Five solid waste samples
from different rock types were studied carefully using sealed
can technique with CR-39 detectors and results of gamma
spectrometry using HPGe detector.
The results from this work showed that the emanation
coefficient of radon in the studied samples range between
0.0004 and 0.0007 which is related to the difference in original
rock types. A positive correlation was found between the
radon exhalation rates and the 226Ra activity concentrations.
The calculated values of external index hazard (Hex) are higher
than unity for all samples. These results point to the highly
dangerous effects of these wastes for human health and the
whole environment.
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